Four kinds of latency-associated transcripts of human herpesvirus 6 were identified which were detected only in latently infected cells. Although they were oriented in the same direction as the immediate-early 1 and 2 (IE1/IE2) genes and shared their protein-coding region with IE1/IE2, their transcription start sites and exon(s) were latency associated.
Human herpesvirus 6 (HHV-6) belongs to the betaherpesvirus subfamily (26) , which is represented by human cytomegalovirus (HCMV). HHV-6 infects most individuals at an early age and latently infects throughout life, as do other herpes viruses. It is known that the virus establishes latency in the cells of the monocyte/macrophage lineage (11, 13) . To study HHV-6 latency, we identified the latency-associated transcripts of HHV-6 variant B, which is the major subgroup of HHV-6 (1, 4, 6) .
To search for HHV-6 latency-associated transcripts (H6LTs), mRNA was collected from this experimental latent infection system by using primary cultures of macrophages (13) . (Informed consent was obtained from the blood donors for participation in the study.) Subsequently, we screened the transcripts throughout the immediate-early 1 and 2 (IE1/IE2) regions by reverse transcription (RT)-PCR, because we had previously identified HCMV latency-specific transcripts in the IE1/IE2 region of HCMV (12, 14, 16) . PCR primers were designed in accordance with the reported structures of IE1/IE2 (21, 28) , the genomic sequence (5, 7, 10) , and the cDNA clones of HHV-6B IE1 and IE2 ( Fig. 1 and Table 1) . As a result, we detected the viral transcripts in the coding region of the IE1/IE2 from the latently infected macrophages ( Fig. 2A, lanes 1 and 2) .
To determine whether the detected transcripts showed latency-specific structures, we identified the structures of the mRNA transcribed during latent infection and productive infection. mRNA isolated from 10 5 latently infected macrophages and 10 2 productively infected MT-4 cells was analyzed by the 5Ј rapid amplification of cDNA ends (RACE) method described previously (12, 14, 16) . Briefly, the 5Ј end of the cDNA made from each transcript was dA-tailed and annealed with an anchor primer, RL-1. Subsequently, PCR amplification was performed with primers N2 and IE4RB followed by primers N1 and IE4RA. Two kinds of 5Ј ends were detected in latently infected cells upstream of the annealing site of the IE4RA primer (485-and 923-bp products shown in Fig. 2B , lane 1). In contrast, one 5Ј end was observed in the productively infected cells (482-bp product shown in Fig. 2B, lane 2) .
The positions of these three start sites were confirmed with other primer sets (Fig. 2B, lanes 3 to 6) . By sequence analysis we located two latent infection transcription start sites (LSSs): one was 9.7 kb upstream of the IE1/IE2 start site (LSS1 in Fig.  3 ), and the other was between exons 2 and 3 of IE1/IE2 (LSS2 in Fig. 3 ). The transcription start site identified in productively infected MT-4 cells corresponded to the 5Ј end of the IE1/IE2 mRNA (productive infection transcription start site; PSS in Fig. 3) . A 3Ј RACE study of the latently infected (Fig. 3 , lanes 7 and 9; labeled L) and productively infected cells (lanes 8 and 10; labeled P) was also performed. The first-strand cDNA was synthesized with the primer RL-1, and the 3Ј ends of IE1-related products were detected by amplification with primers N2 and IE5FE and then with primers N1 and IE5FC (lanes 7 and 8). The 3Ј ends of the IE2-related products were amplified with primers N2 and IE6FG and then with primers N1 and IE6FD (lanes 9 and 10). 3Ј RACE analysis of the H6LTs indicated the presence of two kinds of 3Ј ends (Fig. 2B , lanes 7 and 9). Sequence analysis revealed that each same-sized band had an identical 3Ј end. These results identified two types of latent transcripts: type I, originating at LSS1; and type II, originating at LSS2 (Fig. 3) . We assumed there were two kinds of transcripts of each type on the basis of the results of the 3Ј RACE study. To determine the structures of these four presumed transcripts, multiple RT-PCR analyses were performed with the RNA obtained from 10 5 HHV-6 latently infected macrophages. cDNA was synthesized with the anchor primer RL-1 and was subjected to PCR amplification. The type I H6LTs were amplified with primers ULE1F1 and N1, and the type II H6LTs were amplified with LEF1 and N1. These amplified products were subjected to nested PCR amplification: the region adjacent to the 5Ј ends, the exon 5 region, and the exon 6 region were amplified with the multiple primer sets described in the legends to Fig. 4A , B, and C, respectively. For both the type I and type II H6LTs the amplified regions were electrophoretically homogeneous, and no extra band was detected by these RT-PCR analyses. Furthermore, the sizes of these amplified products from latently infected cells were the same as those from productively infected cells (Fig. 4B , lanes 3 and 6, and 4C, lanes 3, 6, and 9). These data suggested that these transcripts had no alternatively spliced variant species. Thus, the presumed structures of the H6LTs shown in Fig. 3 were verified.
To demonstrate the expression of the H6LTs in vivo, we performed double-nested RT-PCR combined with Southern blot hybridization with cDNA fragments encoding exons 3 and 4 as a probe (Fig. 5 ). For the type I IE1-related H6LT, nested amplification was carried out with primers ULE1F2 and IE5RD followed by primers ULE1F1 and IE5RA. For the type I IE2-related H6LT, primers ULE1F2 and IE6RE and ULE1F1 and IE6RA were used; for the type II IE1-related H6LT, LEF2 and IE5RD and LEF1 and IE5RA were used; for the type II IE2-related H6LT, LEF2 and IE6RE and LEF1 and IE6RA were used. The expression pattern of each H6LT detected in 10 7 peripheral blood mononuclear cells (PBMCs) from 20 seropositive healthy adults is shown in Table 2 . The type I IE2-related H6LT and the type II IE1-related H6LT were predominantly expressed during HHV-6 latency in vivo.
To examine the absolute levels of the H6LTs, we first studied the percentage of H6LT-expressiong cells in HHV-6 DNApositive cells. Latently infected macrophages were detached from the plates as described previously (13) (Table 3 ). The prevalence of cells that were positive for the H6LTs was several percent, which is similar to the prevalence of HCMV latent transcript-positive cells (12, 29) . This situation is analogous to that of Epstein-Barr virus, where not all latent gene products are expressed all the time (22) .
Subsequently, we examined the copy numbers of the H6LTs. mRNAs from 10 4 HHV-6-infected macrophages and MT-4 cells were reverse transcribed and serially diluted into sample tubes with tRNA as a carrier (4 tubes for each dilution), and the cDNA in each tube was amplified by double-nested PCR as described above. The adapted PCR was able to detect a single copy of the cDNA (data not shown). Representative data are shown in Fig. 6B . Copy numbers of each mRNA per transcriptpositive cell were calculated by the Reed-Muench method (Table 3). The copy number of the H6LTs per transcript-positive cell was in the double digits, an order of magnitude lower than the copy number of productive-phase IE1 that was known to be an abundant transcript. Although we cannot yet conclude that these amounts of the H6LTs are sufficient for their hypothesized function, there is support for this idea and for their biological importance. Recent reports suggest that a small number of viral mRNAs, such as the number of mRNAs that are incorporated into the virion, may be sufficient for function (2, 8) .
To show that the H6LTs are specific for latency rather than for cell type, we examined the expression of H6LTs and productive IE1/IE2 in macrophages during the latent phase and reactivation phase. We performed the 5Ј RACE amplification used for the experiment depicted in Fig. 2 on the mRNAs collected from latently infected macrophages and from macrophages that were treated with 20 ng of tetradecanoyl phorbol acetate/ml for 7 days to induce viral reactivation (13) .
In the case of latently infected cells, two kinds of 5Ј ends were detected upstream of the annealing site of the IE4RA primer (Fig. 6C) . In contrast, one 5Ј end was observed in the reactivation-induced cells, and amplification with primers N1 and IE2R and N1 and LER1 showed that the product corresponded to the productive-phase IE1/IE2 (Fig. 6C) .
To examine the expression of the H6LTs during viral reactivation and productive infection, the predominantly expressed H6LTs (that is, the type I IE2-related H6LT and the type II IE1-related H6LT) were tested for their expression by single RT-PCR and double-nested RT-PCR (Fig. 6D ). In the latently infected cells, the H6LTs were detected with the single RT-PCR. However, in the reactivated or productively infected 3, and 5 ; labeled L) and from 10 2 productively infected MT-4 cells (lanes 2, 4, and 6; labeled P) was analyzed by the 5Ј RACE method. RACE products from the transcripts are shown. The 5Ј end of the cDNA made from each transcript was dA-tailed and annealed with an anchor primer, RL-1. Lanes 1 and 2 show the amplified products obtained with primers N2 and IE4RB followed by primers N1 and IE4RA. The 5Ј ends of the transcripts that contained exon 2 of IE1/IE2 (Fig. 3) were detected by using primers N2 and IE4RB and then primers N1 and IE2R (lanes 3 and 4) . The 5Ј end of the transcript that contained exon LE (Fig. 3) was identified with primers N2 and IE4RB followed by primers N1 and LER1 (lanes 5 and 6). A 3Ј RACE study of the latently infected cells (lanes 7 and 9; labeled L) and productively infected cells (lanes 8 and 10; labeled P) was performed. The products amplified with primers N2 and IE5FE and primers N1 and IE5FC (672 bp; lanes 7 and 8) and the products amplified with primers N2 and IE6FG and primers N1 and IE6FD (846 bp; lanes 9 and 10) are shown. Similar results were obtained in the 5Ј RACE and 3Ј RACE study when umbilical cord blood mononuclear cells or Molt-3 cells were used as productively infected cells. Arrows indicate the positions of the RACE products. HaeIII-digested X174 DNA fragments were used as size markers (X). L, latently infected macrophages; P, productively infected MT-4 cells.
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on February 23, 2013 by PENN STATE UNIV http://jvi.asm.org/ cells, the H6LTs were not detected with the single amplification alone but they were detected with the double-nested amplification (Fig. 6D) . Thus, the observed predominance of the H6LT expression in the latent cells may indicate that the transcripts mainly play their role(s) during latency rather than during productive infection. Although low-level expression of the latent transcripts was detectable in the productively infected cells, this phenomenon is also observed in HCMV and herpes simplex virus (19, 30) . The H6LTs in this study contained open reading frames (ORFs) that were common to the productive-phase transcripts IE1/IE2. However, they used novel transcription start sites, and the structures of their 5Ј non-coding regions were different from those of the productive-phase transcripts. As a result, novel short ORFs were located at the 5Ј proximal region of the H6LTs (ORF99, ORF142, and ORF145 shown in Fig. 4) . A similar situation is observed in HCMV latent transcripts; they carry IE1/IE2 ORFs, and short ORFs appeared in the latencyspecific exon. Furthermore, in the case of the HCMV latent transcripts the translation of IE1/IE2 protein was prevented probably by the existence of the latency-specific ORFs upstream of the IE1/IE2 ORFs (16) . Similarly, the HHV-6 IE1/ IE2 protein was not detectable in the latently infected macrophages (data not shown). These findings suggest that viral replication of HCMV and HHV-6 may be suppressed at the point of the translation of major immediate-early proteins during latency. Comparable upstream short ORFs are observed in Fig. 6A . The copy number of the H6LT was also estimated by the cDNA dilution study (Fig. 6B) . The copy number of each H6LT per H6LT-positive cell is shown. The average of four independent cultures Ϯ standard deviation is given for each latent transcript. the mRNAs of cellular proteins, and they play important roles in the regulation of cellular functions (17, 31) . We hypothesize that the reactivation signal of HCMV and HHV-6 may upregulate the translation of the downstream IE1/IE2 ORF and may stimulate viral replication and that the H6LTs may function as the source of the IE1/IE2 proteins that contribute to the efficient reactivation of these viruses. This hypothesized function is comparable to the possible function of herpes simplex virus latency-associated transcripts, which may enhance viral reactivation (9, 18). Our findings revealed that the structures, the encoded proteins, and the expression of the HHV-6 latency-associated transcripts were similar to those of HCMV latencyspecific transcripts (14, 16) . The H6LTs and the HCMV latency-specific transcripts may have some common function during latency. It has previously been reported that the HHV-6 late gene U94 (23, 25) is also expressed during 5) . As a control, the randomly primed cDNA from 10 5 productively infected MT-4 cells (lanes 3 and 6) was also amplified by a single PCR with the primer set IE5FA and IE5RB (lane 3) or IE5FB and IE5RC (lane 6). The sizes of the amplified products from the type I and II H6LTs were the same as those from productively infected cells. , StyI-digested DNA. (C) RT-PCR analysis of the IE1/IE2 exon 6 region of the H6LTs. The cDNA amplified with the type I transcript-specific PCR (lanes 1, 4, and 7) and with the type II-specific PCR (lanes 2, 5, and 8) and the cDNA from productively infected cells (lanes 3, 6, and 9) were further amplified by using the primer sets IE6FA and IE6RB (lanes 1, 2, and 3), IE6FB and IE6RC (lanes 4, 5, and 6), and IE6FC and IE6RD (lanes 7, 8, and 9) . The sizes of the amplified products from the type I and type II H6LTs were the same as those from productively infected cells. , StyI-digested DNA. latency (27) . Because other betaherpesviruses, such as HCMV and human herpesvirus 7, do not carry homologues of U94 in their genome (3, 20, 24) , the U94 gene may play some specific role in HHV-6. The conserved features of the HHV-6 and HCMV latent transcripts that we observed in this study may assist us in understanding betaherpesvirus latency further. Nucleotide sequence accession numbers. EMBL/GenBank/ DDBJ accession numbers of HHV-6B IE1 and IE2 are AB075773 and AB075774, respectively. EMBL/GenBank/ DDBJ accession numbers of H6LTs are as follows: type I IE1-related H6LT, AB075775; type I IE2-related H6LT, AB075776; type II IE1-related H6LT, AB075777; type II IE2-related H6LT, AB075778.
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This study was partially supported by a Special Coordination Fund and a grant-in-aid for general scientific research of the Ministry of Education, Culture, Sports, Science, and Technology, of the Japanese Government. Ϫ1 cell (lanes 5, 6, 7, and 8), or 10 Ϫ2 cell (lanes 9, 10, 11, 12) . Four tests at each dilution were performed to estimate the copy number of H6LT by using the Reed-Muench method. In the experiment shown, the estimated copy number of the type II IE1 related H6LT was 46.8 copies/cell. (C) 5Ј RACE amplification of the latent and reactivation-induced cells. mRNA from 10 5 latently infected macrophages (lanes 1, 3, and 5) and 10 5 reactivationinduced macrophages (lanes 2, 4, and 6) was analyzed by the 5Ј RACE method. The RACE method used was the same as that used for the experiment depicted in Fig. 2B . Lanes 1 and 2 show the products amplified first with primers N2 and IE4RB and then with primers N1 and IE4RA. The 5Ј ends of the productive IE1/IE2 or type I H6LTs were detected with primers N2 and IE4RB and N1 and IE2R (lanes 3 and 4) . The 5Ј end of the type II H6LTs was identified with primers N2 and IE4RB and N1 and LER1 (lanes 5 and 6). L, latently infected macrophages; R, reactivation-induced macrophages. (D) RT-PCR amplification of the latent, reactivation-induced, and productive cells. mRNA from 10 5 latently infected macrophages (lanes 1, 2, 7, and 8; labeled L), from 10 5 reactivation-induced macrophages (lanes 3, 4, 9, and 10; labeled R), and from 10 5 productively infected MT-4 cells (lanes 5, 6, 11, and 12; labeled P) was analyzed by single RT-PCR (lanes 1 to 6) and double-nested RT-PCR (lanes 7 to 12). For the single PCR amplification, the primers were those used as inner primers for the experiments depicted in Fig. 5 . The expression of the type I IE2-related H6LT (primers ULE1F1 and IE6RA; lanes 1, 3, and 5) and the type II IE1-related H6LT (primers LEF1 and IE5RA; lanes 2, 4, and 6) was examined. For the double-nested PCR amplification, the outer and inner primers were those used for the experiment depicted in Fig. 5 , and the expression of the type I IE2-related H6LT (primers ULE1F2 and IE6RE and ULE1F1 and IE6RA; lanes 7, 9, and 11) and the type II IE1-related H6LT (primers LEF2 and IE5RD and LEF1 and IE5RA; lanes 8, 10, and 12) was examined. Arrows indicate the positions of the PCR products. HaeIII-digested X174 DNA fragments were used as size markers (X).
